the condensin-free DNA is then relaxed by topo I, and
of a nicked DNA is hardly changed in model I. In model II wrapping of the DNA is maintained by direct binding to condensin, leaving no accessible DNA loops as subthe DNA becomes (ϩ) supercoiled. In model II, constrate for strand passage by the topoisomerase. strained (ϩ) supercoiling arises from the right-handed
We found that the addition of 13S condensin to nicked wrapping of DNA around condensin. As in model I, com-DNA resulted in chiral knotting by a type II topoisomerpensatory (Ϫ) supercoiling is generated that, upon relaxase. We conclude, therefore, that model III is correct. ation, yields (ϩ) supercoiled DNA. In these two models,
The topology of the knots was highly informative. The 13S condensin acts locally, changing the structure of knots were almost exclusively (ϩ) trefoils (three crossing DNA at its binding site. In contrast, in model III, 13S knots), which implies that condensin produces an orcondensin is postulated to introduce global (ϩ) writhe dered array of (ϩ) solenoidal supercoils. Efficient knotby forming a (ϩ) supercoiled loop in the DNA. As above, ting required the mitotic form of 13S condensin and the compensatory (Ϫ) supercoils are relaxed by topo I and the DNA becomes (ϩ) supercoiled.
ATP hydrolysis. We suggest that 13S condensin actively Figure 2B, lane 7) . Therefore, 13S condensin of nicked DNA leading to knotting by a type II topoisomis required for knotting. erase. We used phage T2 topoisomerase to test this because the knotting promoted by supercoiling has been well characterized for the T-even phage topoisomKinetics and Stoichiometry of Knotting We next investigated the effects of 13S condensin conerases (Wasserman and Cozzarelli, 1991) .
The substrate for knotting was a singly nicked 3.0 kb centration and time of incubation on the restructuring of DNA that leads to knotting ( Figure 3A ). In this experiplasmid. The DNA was incubated for 60 min at 22ЊC with immunoaffinity-purified 13S condensin, phage T2 topo ment, condensin was added at time zero. Topo II and ATP were added at various times thereafter, and the II, and ATP. After deproteinization, the DNA was analyzed for knots by gel electrophoresis along with a referreactions were stopped 5 min later. Knots were formed quickly, reaching a maximum level after only 5 min, and ence knot ladder. We found that 13S condensin did indeed induce formation of knots, overwhelmingly 3-noded did not increase over 2 hr, even when the topoisomerase was present from time zero ( Figure 3A and unpublished knots (trefoils) (Figure 2A ). Knotting required both 13S condensin and topo II. The knotted structure was condata). As before, the knots were primarily 3-noded. Knotting was optimal at a ratio of 36 condensins for each firmed by 2D gel electrophoresis (data not shown).
Because these experiments used a large molar excess 3.0 kb plasmid.
In parallel, we measured (ϩ) supercoiling by 13S condensin in the presence of topo I and found that it had a similar kinetics and enzyme dependence as knotting (data not shown). Based on these results and the chirality of the knots presented below, we conclude that (ϩ) supercoiling and knotting are manifestations of the same condensin-provoked conformation of DNA.
Requirement for ATP Hydrolysis
We next tested whether condensin-caused knotting required ATP hydrolysis and not simply ATP binding, as was found for (ϩ) supercoiling by 13S condensin (Kimura and Hirano, 1997). A complication in this experiment is that ATP hydrolysis is needed for turnover of topo II and therefore for efficient knotting. To circumvent this problem, we used a two-step protocol. The DNA was first incubated for 60 min with 13S condensin and either buffer alone, ATP, or the nonhydrolyzable ATP analog, AMP-PNP ( Figure 3B , 1st incubation). We assume that the action of AMP-PNP is a model for the consequences of ATP binding as opposed to its hydrolysis. Then, topo formation was reduced (lane 4). Because the conditions in these three reactions (lanes 2, 3, and 4) were the same in the second incubation, the difference in knotting must knotted with the mitotic form but only 1.6% with the be a consequence of which nucleotide was present in interphase form ( Figure 4A, lanes 4 and 12) . We detected the first incubation with condensin. We conclude that only marginal (ϩ) supercoiling with interphase con-13S condensin requires ATP hydrolysis to establish the densin but robust supercoiling with the mitotic counter-DNA conformation that is knotted by topo II. part ( Figure 4B , lanes 4 and 12). For both knotting and (ϩ) supercoiling, the activity of the interphase form was greatly increased by phosphorylation with Cdc2-cyclin Cell Cycle Regulation of Knotting Activity by 13S Condensin B ( Figures 4A and 4B , lanes 12 and 16).
Condensin activity is tightly regulated during the cell cycle. Interphase condensin is deficient in inducing (ϩ)
Determination of the Topology of Knots We determined the topology of the knots induced by supercoiling compared to the mitotic form (Kimura et al., 1998). The (ϩ) supercoiling activity of the mitotic form 13S condensin to gain further insight into the DNA architecture stabilized by 13S condensin. If model III is corof 13S condensin is due to specific phosphorylation, because the interphase form is activated by phosphoryrect (Figure 1 ), then the knots should be chiral. These experiments employed a longer circular DNA than lation by Cdc2-cyclin B. We found that knotting has a similar cell cycle dependence (Figure 4) . The mitotic above, 7.0 kb, to make it easier to follow the knotted DNA path by electron microscopy and to facilitate the condensin is far more active in the knotting reaction than the interphase form. With 32 molecules of 13S conformation of more complex knots. We first used a 60 min incubation with mitotic 13S condensin and topo II. densins per 3.0 kb plasmid, 10.2% of the DNA was if it is bound to condensin. A mixture of (ϩ) supercoiled DNA, (Ϫ) supercoiled DNA, and nicked DNA was incubated with various amounts of 13S condensin in the As measured by gel electrophoresis, 12% of the DNA standard reaction buffer (low salt buffer) with or without was knotted, with trefoils 20-fold more abundant than ATP. The mixture was passed through the filter, which 4-noded knots (data not shown). The DNA was coated was then washed successively with three solutions: low with RecA protein so that the overpassing and undersalt buffer, buffer plus 1 M NaCl (high salt buffer), and passing DNA strands could be followed by microscopy buffer plus 0.5% SDS (SDS buffer). The low salt buffer (Crisona et al., 1994) . Examples of the knots found are elutes DNA not bound to condensin, whereas the other shown in Figure 5 . two solutions elute bound DNA. The results were striking. Forty-four of the 48 trefoils Figure 6A displays the electrophoresis patterns in the scored were (ϩ) (Table 1, Exp. 1). Thus, knotting has presence of chloroquine for DNA in the low salt, high the same chirality as supercoiling. Moreover, only a scatsalt, and SDS buffer eluates. We calculated the fraction tering of knots with more than 3 nodes was obtained of DNA bound to 13S condensin as the ratio of DNA in (Table 1) . Formation of two of these more complex knots, the high salt and SDS eluates to the total DNA in all the granny (which is a composite of two trefoils) and three washes. The fraction of each DNA bound is plotted the 5-noded torus knot, requires at least two strand in Figure 6B as a function of the ratio of condensin to passages by a topoisomerase (Dazey Darcy and Sum-DNA. We draw two conclusions. First, in the absence ners, 1997). To lessen the complications of multiple of ATP, 13S condensin binds equally well to (ϩ) sustrand passages, we reduced the time of incubation percoiled DNA, (Ϫ) supercoiled DNA, and nicked DNA with topo II from 60 min to 5 min. The EM results were ( Figure 6B, left panel) . Second, ATP destabilizes 13S again definitive: 52 of 53 trefoils were (ϩ) ( Table 1, Exp. condensin binding to all three DNAs as shown by the 2). Some 5-noded torus knots were still found and these lower recovery of DNA from the high salt and SDS were exclusively (ϩ), as in the first experiment. We show washes ( Figure 6B, right panel) . The effect of ATP on in the discussion how these knots and the granny knots condensin binding, however, was greatest with (Ϫ) sucan be produced by a simple iteration of the mechanism percoiled DNA, minimal with (ϩ) supercoiled DNA, and that yields the (ϩ) trefoil.
intermediate with nicked DNA. Although mitotic condensin was much more effective To confirm these results, we analyzed the DNA shown than interphase condensin in restructuring DNA, some in lanes 10-12 of Figure 6A by 2D gel electrophoresis knots were formed with interphase condensin. These ( Figure 6C ). The preferential reduction of 13S condensin knots have the same topology as those induced by mibinding to (Ϫ) supercoiled DNA by the addition of ATP totic condensin (Table 1) . We suggest that specific deis apparent from the elution of most of the (Ϫ) suformation of DNA is already programmed into interphase percoiled DNA in the low salt wash versus elution of 13S condensin but that phosphorylation increases its most of the (ϩ) supercoiled DNA in the SDS wash. The efficiency in bringing about the restructuring of DNA. simplest interpretation of these results is that 13S condensin binds well to DNA irrespective of topology in the Effect of (ϩ) and ( The chirality of the knots produced by 13S condensins is striking. Of the 136 trefoils analyzed, 130 were (ϩ) ( Table 1) . This is a minimal estimate of 13S condensinimposed chirality because the small fraction of knots in the substrate and the knots produced by topo II action on DNA free of condensin could be either (Ϫ) or (ϩ). We phoresis confirmed that over 90% of the knots formed were trefoils. We draw two conclusions from the highly preferential production of trefoils. First, the (ϩ) supercoils stabilized by condensin are solenoidal rather by (ϩ) supercoiling, because it cancels the compensathan plectonemic (braided). If the condensin-stabilized tory (Ϫ) supercoiling, and is exacerbated by (Ϫ) susupercoils were plectonemic, a ladder of (ϩ) knots called twist knots would instead be produced (Wasserman and percoiling.
Cozzarelli, 1991). Given the (ϩ) chirality of the condensin-stabilized supercoils, the solenoids must be right-handed. Our second conclusion from the knotting data is that the (ϩ) supercoils formed by condensin are themselves organized into a higher order structure. Figure 7A illustrates how topo II could link two (ϩ) supercoils stabilized by 13S condensin and specifically give rise to (ϩ) trefoils. The two (ϩ) solenoidal supercoils provide two of the three (ϩ) nodes of the trefoil. We conclude that topo II-mediated strand passage is directed to result in the third (ϩ) node of the trefoil by the higher-order architecture of the condensin-bound DNA. If two (ϩ) supercoils could link equally well in any orientation, then 4-noded knots would be formed, as shown in Figure 7B , in amounts equal to trefoils.
The topology of the rare, more complex knots induced by condensin provide further support for our model. A second round of strand passage by topo II that links a (ϩ) supercoil to a (ϩ) trefoil formed in the first round in the same way that the trefoil was formed would produce a (ϩ) 5 torus knot ( Figure 7C ). If a second round by a topoisomerase links two (ϩ) supercoils not involved in making a trefoil in the first round, then a granny knot made of two (ϩ) trefoils will result. The total of 14 granny and 5-noded torus knots found had exclusively the predicted topologies (Table 1) 
